Copper coating specifications for the RHIC arcs are given. Various upgrade scenarios are considered and calculations of resistive wall losses in the arcs are used to constrain the necessary quality and surface thickness of a copper coating [1]. We find that 10 µm of high purity copper will suffice.
I. INTRODUCTION AND THEORY
Typical parameters for an eRHIC [2] are shown in Table I . We will be concerned with ohmic losses on the pipe walls. For a round beam pipe the power loss per meter is given by [3] 00 P' = MQ2 jdwR (w) (1) 0 where R 8 (w) is the surface resistivity as a function of angular frequency. For room temperature and low frequencies Rs = JZowp/2c, where Zo = µoc = 377f2. Room temperature resistivities give ohmic losses of 0.5 W /m for a stainless steel beam pipe and 0.12 W /m for a copper one. The previously used upper limit for losses in the arcs is 0.5 W /m [4] . Cooling the stainless steel pipe to 4K will reduce it's resistivity but magneto-resistance will increase it. It therefore seems prudent to reduce the ohmic losses by coating the beam pipe with copper. A device for insitu coating is described in [1} and previous calculations have assumed that one can count on a factor of RRR=lOO reduction in resistivity leading to a coating thickness of 5µm. There are two problems with this procedure. Firstly, magneto-resistance at 3.45T and an RRR of 100 doubles the effective resistivity of the copper [5] . Secondly, even with an effective RRR=50, the mean free path of an electron in the copper is l = 2µm, which is the skin depth at 20 MHz.
This was estimated using the formula [3] l = (p0l 0 ) / p where p0l 0 = 6.6 x 10-16 nm 2 for copper. When the mean free path is longer than the skin depth the current at one location in the metal will be influenced by signficantly different electric fields at other locations and one needs to include convection in the electron transport [6}. This calculation was done in (6] for a ray of light with normal incidence. For wavenumber k = w / c the electric field satisfies 
-oo so that if the electric field is constant over many mean free paths equation (2) reduces to
with J = uE/a where u = 1/ pis the low frequency conductivity. This result was in fact used to obtain the coefficient in (2). The surface impedance is Z 8 = E/H where H = B/µo for our nonmagnetic materials and the fields are evaluated at the surface of the material. Faraday's law in cylindrical coordinates gives
For beam generated fields with J = u E in the wall of a cylindrical pipe, the second term on the left is much bigger than the first [9] giving
where E~ = 8Ez/8r evaluated at the surface and Re(Z8 ) = R 8 (w) in equation (1). This is the same result one gets for the reflection of normally incident light which allows us to use the same expressions for surface impedance in both cases. For d -t oo equation (2) can be solved in closed form using Laplace transforms [10] and expressions for the surface impedance may be obtained. One finds
where the fields are evaluated at the surface of the metal, ~ = 3£ 2 /28 2 a 3 , J = J2p / kZo is the skin depth and
. While equation (2) holds for diffuse reflection of electrons of the metal surface it is possible to solve the kinetic equations assuming electrons undergo perfect reflection at the interface. In this case
In equations (4) and (5) r is zero at the interface between vacuum and copper and increases with depth in the copper. This produces a sign change in the derivatives which is simple but needs to be looked after. When the coating thickness is finite one may solve equation (2) numerically. To do this first take the dimensionless variable u = r/£. Next we take u = 0 to be at the interface between the copper and the stainless steel. Equation (2) becomes 
where Eb = Eo(l -i)f/888 • To evaluate the surface impedance for thick copper coatings equations (4) and (5) may be evaluated numerically. To understand the effect of coating thickness we need to solve equation (7) (7) proportional to k 2 f2 is extremely small and will be dropped leaving
j=l m=l
where we have defined a smoothed version of ka(x) namely x+a/2
The smoothing makes ka(O) finite and equation (8) can now be solved via matrix inversion.
Before closing this section we note that a quantum mechanical theory of the anomalous skin effect exists [11] . This theory produces the smoothing function exp(-lxl/f). For larger, ka(r /f) = 2exp(-alrl/f)/(alrl/ £) 2
II. RESULTS
Figures 1 through 4 show solutions of equation (8) for two frequencies. The value of RRR = 50 used in the calculation corresponds to 3.45T. For these figures the electric field is set to one at u = 0. From Figure 1 it is seen that the electric field at 10 MHz has a magnitude greater than 10 at the surface of the metal. Therefore, the effective surface current at the stainless steel is less than 1/lOth the surface current at the pipe wall and the dissipation in the stainless steel is less than 1 % of what it would be without copper coating. For the high frequency case the field in the stainless is much smaller. Thsi plot is included to show that ka begins to have an imaginary part only at very high frequencies.
Figures 5 and 6 show surface impedance calculations using equations (4) and (8) for RRR = 50 and RRR = 25 respectively. Using equation (1) and the beam parameters in Table 1, 
